Abstract: This contribution seeks to provide some insight for the documented changes in the electrical properties of filled polymers when the filler size is reduced to nanometric dimensions. After examining the possible underlying mechanisms, experiments are described in which composites based on a benign biphenol epoxy resin formulation are subjected to photo-and electro-luminescence studies in which the spectrum of the emitted light can be resolved as a function of formulation. It is shown that there is a red shift in the spectral peak at 600 nm as a result of the reduction of particulate size. The electroluminescence measurements are complemented by a detailed study of the internal space charge distribution in these materials, using the pulsed electroacoustic method.
examining both the internal charge distribution and dynamics, some linkage between the field-dependent electroluminescence and the changes of the internal charge in nanodielectrics can be established.
BACKGROUND
There has been a burgeoning interest in the last 5 years in dielectrics formed by the incorporation of nano-particulates into polymeric insulators. The resulting composites have been shown to have unique, properties which manifest themselves when the fillers have dimensions of the same order as the polymer chain lengths. In particular, the dielectric strength and the voltage endurance of these materials appear substantially enhanced when compared with conventional fillers at the same loading, and, sometimes, when compared with the base polymer [1] . Improvements in thermal and mechanical properties can also be demonstrated. It is now recognized that the underlying reason relates to the very large interface to volume ratio which is inherent in nanocomposites. Indeed, when the particle size is of the order of 15 nm, particle loading of just 10% implies that the internal interfaces represent about 50% of the bulk volume. As a result, the material properties become essentially controlled by the physics and chemistry of the internal interfaces.
For this reason, chemical or physical processes at the interface (brought about, for example, by functionalization) can be used both to offer some self-assembly of these materials as well as an opportunity to exercise some control over the properties. In order to facilitate this, a much better understanding of the interface is needed. It is clear that the proliferation of internal surfaces may affect the dielectric properties through the generation of surface states and the provision of copious scattering sites. However, there is also some evidence that the interaction zones formed at the internal interfaces resemble the electrochemical double layer familiar in liquid/solid interfaces [2] . Such layers may be expected to modify the internal space charge behavior as has been documented previously in nanodielectrics [3] . This contribution seeks to combine the techniques of electroluminescence (EL) and pulsed electroacoustic analysis (PEA) to examine the relationship between charge carrier activity and the internal charge storage and dynamics in a nanocomposite thermoset.
FORMULATION
The fabrication of these TiO2/epoxy composites has been described previously in detail [4] . In Given the lack of resolution in establishing the high Fig. 1 , it is likely that these processes are synonymous particularly as the peak is known to be asymmetrical.
Internal charge distribution and dynamics
The use of the PEA technique has permitted an assessment of the internal charge behavior for the same materials for which EL results have been taken. A TechImpTM cell has been used together with a Tektronix Model TDS3032B oscilloscope. Calibrated charge densities and internal fields have been estimated through the use of deconvolution methods. Disc specimens were used having a diameter of 25 mm and a thickness of about 0.5 mm.
Typical charge profiles are shown in Fig.4 (+11% in 200 s) for the micromaterial. This is illustrated in Fig.5 and confirms the trends documented by Fothergill et al. [6] Table 1 indicates that the luminescence peak changes somewhat with excitation frequency suggesting that the luminescence center (probably the phenyl group associated with the base resin [5] ) is affected. Indeed, it is reasonable to assume that the environment will be changed in the presence of nanoparticles having oxygen ions at the interfaces which become more dominant as the particle size is reduced. It is speculated that minor conformational changes would be sufficient to bind the excimer units more tightly. The microcomposite, in contrast, forms a two-phase system; with the particles and polymer acting as independent phases.
Perhaps of more importance is the large change in EL wavelength shown at about 600 nm (cured base resin and microcomposite) in Fig. 1 . The increase in wavelength for the nanomaterial is reproducible and substantial. Although the species responsible for this emission is unknown, the reduction in energy associated with the introduction of nanoparticles invites the speculation that again the luminescence center has been modified or that the predominance of interfacial regions is creating substantial scattering in the material. The absence of a 600nm peak in the PL spectrum of cured resin, and its presence for EL in different stressed epoxy resin systems suggests the peak is probably associated with degradation. In particular, earlier work shows that positive repetitive surges created the 600 nm EL peak [10] , and also more easily initiated trees in epoxy resin compared to 1-4244-0189-5/06/$20.00 C2006 IEEE.
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Iv1 negative surges [11] . This points to a correlation between the peak at 600nm and the aging of the material [5] .
While EL has been measured under essentially steady-state conditions, it is dependent on the Poisson and not the Laplacian field. The PEA measurements of Fig.5 confirm earlier work [3] which showed that nanofillers mitigate the internal space charge. However, the PEA measurement is for a planar sample which does not have the highly divergent field associated with the EL experiment. The voltage-off characteristics of Fig.5 indicate that homo charge accumulates in front of the cathode for nanocomposites which is in striking contrast to the heterocharge which develops for the micromaterial. This is consistent with the finding that a
Laplacian tip field of 200 kVmm-1 is necessary for onset when it is known that the onset field can be as low as -20 kVmm-1 in uniform fields [5] . In the case of the nanofiller, the preponderance of interfacial -OH groups will decrease the network's crosslink density by competing with the amine group to react with the epoxide ring. The remaining -OH groups at the interface could be expected to affect the particle's electrostatic potential [7] and thus contribute to a charge zone adjacent to the interface as has been suggested [2] . These processes at the interface are the likely cause both of the different time constant associated with charge relaxation in nanodielectrics, and the characteristics of Fig.5 which show the reduction of the internal field now well documented in nanocomposites. Indeed the, dramatic 2:1 change in EL onset voltage is likely the result of the modifications in internal field.
The finding that negative charge is formed in front of the cathode for nanocomposites suggests that charges injected are slowed by scattering and trapped as seen previously by Hibma [8] . The accumulation of space charge is intimately tied to the trap distribution in the polymer. Charges are injected and trapped during field application. The fast charge decay seen both in uniform field and divergent field [3] could be linked to relatively shallow traps existing in nano-compared to micro-composite. It is known that both the trap depth [9] and separation are substantially affected through the use of nanometric fillers in other materials [12] . In contrast, the lack of scattering in the microcomposite allows impact ionization in the divergent field tip region with the resultant accumulation of positive charge in front of the cathode as seen in Fig.4 .
space charge and changing charge transport.
